NK4 is an hepatocyte growth factor (HGF)-antagonist and a broad angiogenesis inhibitor. NK4 gene therapy has confirmed antitumor efficacy on cancers with intact HGF-cMET signaling pathway. However, the feasibility to treat tumors in which the effect of the HGF-cMET signaling pathway is less unambiguous or may even be inhibitory on carcinogenesis, such as hepatocellular carcinoma (HCC) with NK4 needs further assessment. Therefore, we evaluated the effects of adenoviral vector-mediated expression of NK4 on the biological behavior of a series of HCC cell lines in vitro and on HepG2 xenografts in vivo. In vitro, transduction of HCC cell lines with the replication-deficient recombinant adenoviral vector AdCMV.NK4 resulted in significant inhibition of proliferation over and above the antimitogenic effects of HGF. In addition, HGF-induced scattering and invasion through matrigel were inhibited effectively. Moreover, transduced HCC cells produced sufficient amounts of NK4 protein to achieve bystander effects involving reduced migration of nontransduced tumor cells and reduced proliferation of endothelial cells. Finally, treatment of established HepG2 xenografts with AdCMV.NK4 resulted in significant tumor growth delay and significant reduction of intratumoral microvessel density. In conclusion, NK4 gene therapy is a promising strategy to treat HCC based on the pleiotropic functions of NK4 interfering with tumor growth, invasion, metastasis and angiogenesis. Cancer Gene Therapy (2005) 12, 954-962.
H uman hepatocellular carcinoma (HCC) is a highly malignant disease with a poor prognosis. To date, surgical resection is the only potentially curative therapy for HCC. However, the high recurrence rate with intrahepatic metastatic spread is a major obstacle for improving survival of patients. 1 Thus, development of novel therapeutic strategies targeting the malignant behavior of HCC cells, especially their invasiveness, is important to improve the prognosis of patients. 2 With respect to this, the hepatocyte growth factor (HGF) antagonist and angiogenesis inhibitor NK4 has been demonstrated to effectively inhibit multiple cellular processes important for the malignant behavior of tumors. These processes include primary tumor growth, metastasis formation and angiogenesis. [3] [4] [5] [6] NK4, which consists of the N-terminal hairpin domain and the four subsequent kringle domains of HGF, competitively inhibits the multiple biological activities of HGF through binding to cMET and is suggested to have a broad antiangiogenic activity through its kringle domain structure. 3, 4, 7 Previous in vivo studies confirmed therapeutic efficacy of NK4 gene therapy for glioblastoma, prostate, breast, gastric, pancreatic, gall bladder and colon cancers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and recommended further preclinical evaluation of NK4 gene therapy as anticancer agent. However, NK4 gene therapy for treatment of HCC could be argued against because the antitumor effects of NK4 in part rely on its antagonistic activity to HGF 3 and the role of the HGF-cMET system in hepatocarcinogenesis has not been clearly established. On one hand, cMET and HGF have been reported to promote HCC development and progression. cMET was shown to be overexpressed in liver tumors compared to nontumorous tissue. [21] [22] [23] [24] This cMET overexpression correlated with increased occurence of metastases and shorter 5-year survival time for patients. 25 In addition, HGF was found to promote development of HCC in transgenic mice by HGF-cMET autocrine signaling in tumor cells and by stimulating angiogenesis. 26, 27 On the other hand, HGF has been identified as an inhibitor of hepatocarcinogenesis. HGF exerted antiproliferative activity on HCC cell lines [28] [29] [30] [31] and inhibited growth of HCC tumors in animal models. [32] [33] [34] In this study, we explored the therapeutic efficacy of NK4 gene therapy for HCC in vitro and in vivo. To this end, we employed adenoviral vector-mediated NK4 gene transfer on three HCC cell lines that respond to HGF with enhanced migration, but reduced proliferation. 31 We report antimotogenic and antimitogenic activity of NK4 on all three HCC cell lines. In addition, NK4 gene transfer inhibited angiogenesis and delayed growth of established HepG2 xenografts in nude mice.
Materials and methods

Cell culture
HepG2, Hep3B and HuH7 hepatocellular carcinoma cell lines, SaOS-2 osteosarcoma cell line and LNCaP prostatic carcinoma cell line were obtained from the American Type Culture Collection (Manassas, VA). All cell lines were maintained in DMEM-F12, supplemented with 10% fetal calf serum (FCS), L-glutamin, penicillin and streptomycin at 371C in a 5% CO 2 -humidified atmosphere. The human umbilical vein endothelial cell (HUVEC) line EC-RF24 35 was cultured in 1%-gelatin-coated culture flasks and in culture medium consisting of Medium199 supplemented with 10% FCS, 10% human serum, penicillin, streptomycin, L-glutamine and endothelial cell growth factor (ECGF). All culture media and supplements were purchased from Life Technologies, Inc., B.V., Breda, The Netherlands. The status of cMET and HGF expression of the cells was confirmed by RT-PCR as previously described 36, 37 using U118MG cells, known to express cMET and HGF, 38 as positive control.
Adenoviral vector
AdCMV.NK4. is an E1/E3-deleted replication-deficient adenovirus type 5 (Ad5) vector, which expresses myctagged NK4 protein and GFP, both under the control of a CMV promoter. 12 AdCMV.GFP is the control Ad5 vector, which only contains GFP under the control of a CMV promoter. Both viruses were propagated on the permissive 293 cell line (obtained from ATCC) and purified by CsCl gradient banding using standard techniques. Particle titers were determined by OD260 measurements and functional plaque forming units (PFU) titers were determined by limiting dilution plaque titration on 293 cells according to standard techniques. Infectious units (IU) titers were determined by limiting dilution titration on 911 cells and hexon staining using the Adeno-Xt Rapid Titer Kit according to the instructions of the manufacturer (BD Biosciences Clontech, Alphen aan de Rijn, The Netherlands). All studies were performed with a single batch of AdCMV.NK4 and AdCMV.GFP. All virus aliquots were stored at À801C until use. 
Multicellular spheroid outgrowth model
Multicellular tumor spheroids were formed using a spin method. Single-cell suspensions were rotated at 140 rpm for 24 hours at 371C, 5% CO 2 at 1 Â 10 4 cells/well in a 96-well plate coated with 2% agarose, and further cultured for 3-5 days to establish spheroids. The spheroids were transduced with 2x10 6 IU AdCMV.NK4 or AdCMV.GFP for 24 hours in 50 ml culture medium. Subsequently, the spheroids were transferred to 24-well plates containing 500 ml culture medium supplemented with or without 25 ng/ml HGF. Mock-infected spheroids were taken along as controls. Spheroids were allowed to attach to the bottom and outgrowth of cells was followed. After 9 days, cells were fixed using 3.7% formaldehyde in PBS and stained with 1% crystal violet in 70% EtOH. Outgrowth was assessed using a light microscope and photographed.
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Cells were transduced with AdCMV.NK4. or AdCMV.GFP at MOI 100 IU/cell or mock-infected for 24 hours. The next day, 2x10 4 cells were seeded on top of the upper chamber of transwell chambers (Corning Costar, Corning, NY), equipped with a 6.5-mm-diameter polycarbonate filter (pore size 8 mm), and precoated with matrigel (4 mg/ml) (BD Biosciences, Bedford, MA). In all, 900 ml of culture medium supplemented with or without 20 ng/ml HGF was added into the lower chamber. After 96 hours incubation at 371C 5% CO 2 , the noninvasive cells (upper chamber) were removed with cotton swabs. Tumor cell invasion was determined by visualizing cells that migrated through the filter by staining (Diff Quick staining set; Dade-Behring AG, Du¨dingen, Switzerland) and counting under an inverted microscope (five fields/ filter at Â 32 magnification).
Cell proliferation assay
Cells were seeded in 96-well plates at 1 Â 10 3 cells/well (proliferating population) or 3 Â 10 4 cells/well (confluent population). After 24 hours, cells were transduced with AdCMV.NK4 or AdCMV.GFP at an MOI of 100 IU/cell in 50 ml. After virus incubation at 371C for 1 hour, medium was replaced by culture medium containing HGF concentrations ranging from 0 to 20 ng/ml. Mock-infected cells were taken along as controls. After 120 hours, relative cell growth was determined by WST-1 conversion assay (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions.
HUVEC proliferation assay
HUVECs were seeded at 1 Â 10 3 cell/well in 100 ml medium in 96-well tissue culture plates. After 24 h, 100 ml of 10-times diluted conditioned medium (CM)-samples of nontransduced HepG2 cells or of HepG2 cells transduced with AdCMV.NK4 or AdCMV.GFP at an MOI of 500 IU/cell, were added to three replicate wells. VEGF (1 and 10 ng/ml), HGF (10 and 100 ng/ml) and ECGF (25 mg/ml) were taken along as controls. After 72 hours, relative cell growth was assessed by WST-1 conversion assay.
In vivo effects of AdCMV.NK4. on HepG2 xenografts in nude mice Female, specified pathogen-free, athymic nu/nu mice, weighing 20-25 g(Harlan, Horst, The Netherlands) were housed in sterile filtertop cages and fed with irradiated nutrients and filtered acidified water ad libitum. The care and handling of the animals were undertaken in accordance with the directive on Animal Experimentation of the European Community. The protocol was approved by the institutional Animal Welfare Committee. HepG2 cells (5 Â 10 6 ) were s.c. injected on the hind leg flanks. When tumor nodules reached 150-300 mm 3 , mice were randomly divided over three groups and injected intratumorally on day 0 and 4 with 10 9 PFU AdCMV.NK4 (n ¼ 8), 10 9 PFU AdCMV.GFP (n ¼ 7), or PBS (n ¼ 8).
Tumor size was monitored two times a week, using digital calipers. Volume was calculated from the average of tumor length and width according to the formula 4/3pr 3 . Median tumor growth rates were determined from time of individual tumors to reach five times initial tumor volume. Mice were euthanized when tumors reached a size of 2000 mm 3 . Tumor specimens were explanted, snapfrozen and stored in liquid nitrogen. Treatment was not associated with toxic effects as evidenced by lack of body weight loss and unchanged grooming habits.
Immunohistochemical analysis of HepG2 xenografts
Expression of cMET, HGF, NK4 and CD34 in HepG2 xenografts was analyzed by immunohistochemistry as described before. 12 Vessel density was determined by counting ''hot spot'' areas as previously described. 12 
Statistics
Statistical analysis of data was performed using ANOVA test and Kruskal-Wallis test. For each single analysis, the statistical test used is stated in the text. Differences were considered significant when Po.05.
Results
Inhibition of HCC cell proliferation and migration by NK4 gene transfer
We used the HCC cell lines HepG2, Hep3B and HuH7 to explore the biological effects of adenoviral vectormediated NK4 gene delivery on HCC. All three HCC cell lines express cMET, but no HGF mRNA (Fig 1) . We next examined the effects of AdCMV.NK4 transduction on proliferation of HCC cell lines in the presence and absence of HGF. cMET-positive SaOS-2 and -negative LNCaP cells were included as controls. HGF had no effect on LNCaP cells, while SaOS-2 cells demonstrated marked stimulation of proliferation upon exposure to HGF in a dose-dependent manner up to HGF concentrations of 20 ng/ml (Fig 2) . This type of proliferation profile inhibited proliferation at concentrations Z10 ng/ml (Fig 2) . This kind of response profile distinguishes HCC from most other cMET-positive tumors. Transduction of the HCC cell lines by AdCMV.NK4 significantly inhibited NK4 gene therapy for HCC DAM Heideman et al proliferation mediated by HGF at low concentrations, similar to its activity on the SaOS-2 cell line, which has a common HGF mitogenic response profile (Fig 2) . Importantly, even in the presence of HGF at concentrations Z2.5 ng/ml, the proliferation of AdCMV.NK4-transduced HCC cells was effectively reduced, over and above the antimitogenic effects of HGF (Fig 2) . The viability of quiescent, confluent, nonproliferating HCC cells was not affected by AdCMV.NK4 (data not shown), excluding that the observed effects could be explained by cytotoxic effects of the adenoviral vector or the NK4 protein. These data thus indicate effective antiproliferative activity of adenoviral vector-mediated expression of NK4 on HCC cell lines. We next investigated the effect of AdCMV.NK4 transduction on the migratory and invasive capacity of the HCC cell lines by scatter assay, spheroid outgrowth assay and matrigel transwell system. In accordance with the motogenic response profile observed in cMETpositive cells, HCC cells were induced to migrate after exposure to HGF, and AdCMV.NK4 had a dosedependent inhibitory effect on the HGF-induced migration, reaching complete abrogation of responsiveness to HGF after transduction of cells with AdCMV.NK4 at MOI Z100 (Fig 3) , while control virus exerted no effect. Together, these findings indicate effective inhibition of HGF-induced migratory and invasive capacities of HCC cell lines by adenoviral vector-mediated expression of NK4.
Bystander-effect of AdCMV.NK4. gene transfer on nontransduced HCC and endothelial cells
Transduction of HepG2 with AdCMV.NK4 resulted in secretion of NK4 protein into the culture medium in an 
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Thus, AdCMV.NK4-transduced HepG2 cells secrete sufficient amounts of NK4 into the culture medium to counteract the motogenic effects of HGF on nontransduced cells. In addition, conditioned medium from AdCMV.NK4-transduced HepG2 cells significantly inhibited proliferation of HUVEC (Fig 4, ANOVA: Po0.001), which express cMET, but do not produce HGF (as determined by RT-PCR and ELISA, data not shown). HepG2 cells produce, among other angiogenic factors, biologically effective amounts of VEGF (B5 ng/ ml per 72 hours per 10 6 cells) that stimulated HUVEC to proliferate. VEGF levels in conditioned medium of transduced and control HepG2 cells were similar (ELISA, data not shown). The inhibition of HUVEC proliferation by conditioned medium of AdCMVNK4-transduced HepG2 cells thus suggests a broad antiangiogenic activity of NK4.
Inhibition of HCC tumor growth and angiogenesis by AdCMV.NK4. gene transfer in vivo
The effects of adenovirus-mediated expression of NK4 on tumor growth in vivo were determined using s.c. HepG2 xenografts in athymic nude mice. These xenografts consist of cMET expressing HepG2 tumor cells and HGFproducing mouse stromal cells as demonstrated by immunohistochemistry (Fig 5a) . In a pilot experiment, where we treated minimal size HCC xenografts (around 60 mm 3 ) with two intratumoral injections of 10 9 PFU AdCMV.NK4, we observed that one of the three treated mice were long-term tumor free (complete remission, data not shown), while none of the control mice were cured. Next, we explored NK4 gene transfer in a more clinically relevant model of HCC using established HepG2 tumors (150-300 mm 3 ). Treatment with 10 9 PFU AdCMV.NK4 resulted in reduced tumor growth rates, whereas growth of control tumors was not affected (Fig 5b) . Tumors from mice treated with PBS or AdCMV.GFP grew rapidly and increased to five times their initial size in 8.773.3 and 10.273.2 days, respectively. AdCMV.NK4 caused a significant tumor growth delay of 9 days compared to controls (19.474.5 days, Kruskal-Wallis: Po.001). However, although AdCMV.NK4 delayed tumor growth, it did not cure animals from their tumor. When animals were killed, their tumors were explanted and analyzed for NK4 expression and vessel density. NK4 expression was detectable in all AdCMV.NK4-treated tumors at the time the tumors were explanted 4-5 weeks after the first adenovirus injection (Fig 5c) . Intratumoral vessel densities were quantified after staining histological sections for CD34, which specifically labels endothelial cells (Fig 5d) . In NK4-treated mice the mean intratumoral vessel density was reduced by 52% relative to tumors in the control groups (Fig 5e, ANOVA: Po.001).
Discussion
The quest to develop more effective therapeutic modalities for human tumors has led to an upsurge of interest in approaches that simultaneously target multiple cellular processes important for the malignant behavior of cancers, including tumor cell proliferation, metastasis and angiogenesis. In this regard, gene therapy using NK4 is a rational new therapeutic approach. NK4 is known to effectively inhibit a variety of malignant processes by antagonizing HGF as well as several angiogenic factors, like VEGF and bFGF. [3] [4] [5] [6] [7] 12 As a result of these pleiotropic activities NK4 is preferred among other potential inhibitors of HGF-cMET signaling, like cMET selective tyrosine kinase inhibitors, neutralizing anti-HGF antibodies or cMET-blocking antibodies. 39 So far, NK4 gene therapy has demonstrated efficacy in tumor models in which the involvement of the HGF-cMET signaling pathway in pathogenesis has been clearly established. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Based on the multifunctional properties of NK4 on various growth factors, 3, 4, 12, 40 we propose that NK4 gene therapy would have therapeutic value for a wider range of tumors than only cMET overexpressing carcinomas. However, application of NK4 gene therapy to specific tumor types such as HCC for which the effect of the HGF-cMET signaling is less explicit or may even be inhibitory on carcinogenesis [32] [33] [34] needed further assessment. Therefore, we evaluated NK4 gene therapy on a series of HCC cell lines that respond to HGF by enhanced migration but reduced proliferation 31 and found that even on such cells NK4 gene therapy is effective.
In vitro, adenoviral vector-mediated expression of NK4 resulted in significant antagonism to HGF-induced invasiveness, and importantly, exhibited strong antiproliferative activity. These results may be explained by the structure of NK4 being identical to the HGFalpha-chain and lacking the intracellular signaling pathway-stimulating beta-chain.
3 NK4 is able to block the receptor for binding with HGF, and thereby is hindering the promitogenic as well as the proliferative intracellular signaling pathways activated upon exposure to HGF. Importantly, NK4 over-ruled the effect of high concentrations of HGF (Z10 ng/ml), at which HGF was antimitogenic by itself. Therefore, these data may remove concerns about application of an HGF-antagonist to HCC, and strongly suggest therapeutic potential of NK4 as anticancer agent for treatment of HCC. Interestingly, NK4 additionally inhibited growth factors other than HGF, which together resulted in significant inhibition of proliferation of endothelial and tumor cells (Figs 2 and 4) . This might be explained by NK4 interfering with receptor systems other than HGF-cMET via its kringle domains. 4, 40, 41 Our in vitro data thus indicate that NK4 has also therapeutic value for tumors on which HGF may exert inhibitory activity on carcinogenic processes, like HCC.
In vivo, evaluation of adenoviral vector-mediated NK4 gene therapy using established subcutaneous HepG2 tumors in nude mice revealed significant tumor growth delay. We also found a significant reduction in vessel density in tumors from AdCMV.NK4-treated mice compared to controls, suggesting that in addition to direct inhibitory effects of NK4 on tumor cells inhibition of angiogenesis contributed to the antitumor effect.
Complete cures were not observed in the stringent model of established tumors. Clearly, our animal data are encouraging, although they also indicate that NK4 gene therapy requires optimization before clinical application. Potential improvements include readministration of adenoviral vectors without challenging neutralizing immunity, application of selectively replicating adenoviral vectors expressing NK4 to overcome low tumor transduction and to gain effect by high level production of NK4 plus the inherent oncolytic property of these viruses, [42] [43] [44] [45] and other treatment strategies such as using the liver as systemic supplier of NK4. 8, 17 Obviously, further development of NK4 gene therapy for HCC should also include safety evaluation in animal models of cirrhotic liver and chemical hepatocarcinogenesis representing the pathogenesis of human HCC, and examination of toxicity of NK4 on angiogenesis during normal processes like wound healing. In this regard, it is reassuring that trials with other antiangiogenic factors such as angiostatin and endostatin, have been shown to inhibit tumor angiogenesis with little or no effect on wound healing in mice. 46 In conclusion, our data suggest the potential of NK4 gene therapy for treatment of HCC based on pleiotropic functions of NK4 on tumor and endothelial cells. Our results support NK4 gene therapy to have a broad therapeutic value, not only for tumors in which involvement of HGF-cMET signaling is clearly established, but also for tumors in which HGF is more indirectly implicated in cancer progression via promoting angiogenesis. This study thus recommends further preclinical evaluation of NK4 gene therapy.
